INTRODUCTION
============

Oxidation-reduction reactions in the body produce waste material referred to as \"oxidants\". The body has antioxidant defense systems that prevent the formation of oxidants and their harmful effects. The term \"oxidative stress\" describes the biological damage that arises from the imbalance of oxidants and antioxidants. Oxidants damage the protein structure of cell membranes. It is thought that oxidants inhibit uptake of enzymes and/or neurotransmitters involved in the physiological functioning of cells, which may be a predisposing factor for disease.[@B1][@B2][@B3][@B4][@B5]

Adult ADHD (A-ADHD) is a common, childhood-onset, chronic neuropsychiatric disorder characterized by symptoms of inattention, hyperactivity, and impulsivity. Its worldwide prevalence in children and adolescents is between 5% and 10%. The exact causes of A-ADHD are still unknown. In addition to neurochemical and neuroanatomic disorders, genetic and environmental factors are considered in its etiology.[@B5][@B6] Either genetic or environmental risk factors could increase the likelihood of oxidative stress; several authors have studied peripheral measures of oxidative stress in patients with ADHD.[@B7][@B8][@B9][@B10][@B11] Some of these studies concluded that measures of oxidative stress were elevated among ADHD patients but others could not confirm that finding.[@B6][@B12]

Despite considerable research, the neurobiological foundations of attention deficit hyperactivity disorder (ADHD) are not well understood. A growing body of evidence supports the theory that ADHD involves various brain structures and functions, rather than a single region or specific biological mechanism. Accordingly, one area of intense investigation is oxidative metabolism. The present study investigated oxidative metabolism in children and adolescents with ADHD using a more valid and reliable method that measures total oxidant status (TOS) and total antioxidant status (TAS) to identify changes in oxidant and antioxidant parameters that may contribute to the etiopathogenesis of the disease.

METHODS
=======

Study design and patients
-------------------------

The study used a controlled, cross-sectional design and was approved by the 3rd Ankara Clinical Studies Ethics Committee. Written consent was obtained from all participants and their families. The study population included 48 patients, who had been referred to the polyclinics in the Department of Child and Adolescent Psychiatry at Hacettepe University and received a first-time diagnosis of ADHD according to DSM-IV criteria, and 24 healthy control subjects with no psychopathology.

Patient inclusion criteria included ADHD diagnosis based on DSM-IV criteria, absence of concomitant psychiatric comorbidities with the exception of oppositional defiant disorder (ODD), and age 7-18 years. Exclusion criteria were any form of intellectual disability, chronic neurological and/or metabolic disorder, evidence of infection or drug use within the past week, current smoker, and present and/or past evidence of substance addiction. Inclusion criteria for healthy controls were absence of psychopathology according to a psychiatric evaluation based on DSM-IV criteria and age 7-18 years. Exclusion criteria were any form of intellectual disability, chronic neurological and/or metabolic disorder, evidence of infection or drug use within the past week, current smoker, and present and/or past evidence of substance addiction.

Patients socioeconomic status was calculated based on a standard Hollingshead and Redlich formula that weighted, then combined father\'s occupation and education; first, the occupation score is weighted ×5 and education is weighted ×3. The Hollingshead and Redlich system defines occupational categories ranging from 0 (not working); 1, 2, 3, 4 (menial labor; unskilled labor; semiskilled labor, skilled labor) to 9 (major professional).[@B13]

Psychiatric investigation of the participants
---------------------------------------------

Children and adolescents who were referred to the polyclinics of the Department of Child and Adolescent Psychiatry at Hacettepe University were evaluated using the Schedule for Affective Disorders and Schizophrenia for School Age Children (K-SADS-PL),[@B14] a semi-structured interview. Turkish adaptation of this form was made by Gokler and colleagues.[@B15]

Parents were asked to complete the Conners\' Parent Rating Scale and The Conners\' Teacher Form[@B16] was given to the parents to be completed by the class teachers. Turkish adaptation of thise form was made by Dereboy et al.[@B17] Turgay DSM-IV-based Disruptive Behavior Disorders Child and Adolescent Rating & Screening Scale (T-DSM-IV-S)[@B18] was obtained from all parents. The validity and reliability study was performed in Turkey by Ercan et al.[@B19] The Wechsler Intelligence Scale for Children-Revised (WISC-R) test was administered to all participants.[@B20]

The control group of the study included healthy participants who were admitted to our hospital for routine clinical health examinations and vaccinations, and were assessed for psychopathology using psychiatric interviews and K-SADS-PL and WISC-R test scores. The control group was free of usage of any medication for at least 6 weeks prior to blood sampling. None of the control participants had chronic diseases and none of them consumed alcohol or had ever taken psychotropic drugs. They had no personal or family history of psychiatric disorders.

After including the study participants the TAS, TOS, and oxidative stress index (OSI) were compared between groups.

Measurement of the total oxidant status
---------------------------------------

Venous blood samples (5 cc) were drawn from each patient and healthy control to measure TAS, TOS, and OSI. The blood samples were centrifuged for 10 min at 3000 rpm and then stored at -80℃. TOS of plasma was determined using a novel automated measurement method, developed by Erel et al.[@B21][@B22] Oxidants present in the sample oxidize the ferrous ion-o-dianisidine complex to ferric ion. The oxidation reaction is enhanced by glycerol molecules, which are abundantly present in the reaction medium. The ferric ion makes a colored complex with xylenol orange in an acidic medium. The color intensity, which can be measured spectrophotometrically, is related to the total amount of oxidant molecules present in the sample. The assay is calibrated with hydrogen peroxide and the results were expressed in terms of micromolar hydrogen peroxide equivalent per liter (µmol H~2~O~2~ Eq/L).

Measurement of the total antioxidant status
-------------------------------------------

TAS of plasma was determined using a novel automated measurement method, developed by Erel et al.[@B21][@B22] In this method, the most potent biological radical, hydroxyl radical, is produced. In the assay, ferrous ion solution, which is present in reagent 1 \[o-dianisidine (10 mM), ferrous ion (45 AM) in the Clark and Lubs solution (75 mM, pH 1.8)\] is mixed with hydrogen peroxide, which is present in reagent 2 \[H~2~O~2~ (7.5 mM) in the Clark and Lubs solution\]. The sequentially produced radicals such as brown colored dianisidinyl radical cation, produced by the hydroxyl radical, are also potent radicals. Using this method, the antioxidative effect of the sample against the potent free radical reactions that is initiated by the produced hydroxyl radical, is measured. The assay has excellent precision values of lower than 3%. The results were expressed as micromoles Trolox Equiv/L (µmol TE/L).

Oxidative stress index
----------------------

OSI was defined as percentage rate of TOS values to TAS values. Before the calculation the TAS test mmol unit value was translated to micromol units as in the TOS test. The results were expressed as Arbitrary units, calculated by the following formula: OSI (arbitrary unit)=TOS (µmol H~2~O~2~ equivalent/L)/TAS (mmol Trolox equivalent/L)×100.[@B21][@B22]

Statistical analysis and sample size calculation
------------------------------------------------

The Statistical Package for the Social Sciences version 11.5 (SPSS Inc., Chicago, IL, USA) was used to conduct the statistical tests. We performed a post-hoc power analysis (G^\*^Power, Version 2.0 program written by Franz Faul, Universität Kiel, Kiel, Germany) using the OSI levels and found the power of the study is 0.99 (α=0.05, sigma=2.2, and effect size=1.15). The chi-squared test was used to evaluate continuous data. Between-group comparisons were made using independent-sample t-tests, and multiple categorical data were assessed using a one-way analysis of variance (ANOVA) with the Bonferroni correction. Pearson\'s correlation analysis was used to evaluate correlations between the scales and variables. All analyses were conducted as two-tailed tests. p-values \<0.05 were deemed statistically significant.

RESULTS
=======

The study consisted of 48 patients with ADHD and 24 age-, sex-, and socioeconomic level -matched healthy controls. Demographic variables were not significantly different between groups (p\>0.05 for all) ([Table 1](#T1){ref-type="table"}). Compared to the controls; TOS and OSI values were significantly higher, and TAS was significantly lower in the patient group (p\<0.05 for all) ([Table 2](#T2){ref-type="table"}). The comparison of ADHD subtypes revealed no difference between TOS and OSI values (p=0.81, p=0.42, respectively); whereas TAS values were higher in the patients with ADHD-AD than in the other subtypes (p=0.04) ([Table 3](#T3){ref-type="table"}).

Patients diagnoses according to ADHD subtype were ADHD-combined (ADHD-C, 58.3%; n=28), ADHD-inattentive (ADHD-IA; 27.1%; n=13), and ADHD-hyperactive and impulsive (ADHD-H/I; 14.6%; n=7). Comorbid ODD was present in 45.8% (n=22), and no comorbidity was present in the remaining (54.2%; n=26) patients. The oxidative values of patients with comorbid ODD (n=22) were compared with those of non-comorbid patients (n=26). TOS levels (F=0.27, p=0.60) and OSI values (F=0.96, p=0.30) were not significantly different between groups; however, TAS was significantly lower in the ADHD group with comorbid ODD than in non-comorbid patients (F=4.46, p=0.04).

DISCUSSION
==========

Measuring different oxidant and antioxidant molecules is impractical, and oxidant and antioxidant effects are additive. Because there are numerous oxidants (e.g., malondialdehyde, lipid hydroperoxide) and antioxidants (e.g., superoxide dismutase, catalase) in the body, measuring total oxidant-antioxidant status is more valid and reliable. When only a few parameters are measured, levels may remain unchanged or decrease, even though the actual oxidant status increased or vice versa.[@B21][@B22][@B23] In the light of this information, we used TOS and TAS levels in our study, and this study yielded in three major findings.

First, TOS levels were significantly higher in the ADHD group than in the control group. Few studies have investigated oxidative metabolism in ADHD. Ceylan et al.[@B9] found that nitric oxide, a potent oxidant, and malondialdehyde were higher in pediatric and adolescent patients with ADHD than in healthy subjects. Furthermore, previous studies in patients with adult ADHD (A-ADHD) found higher nitric oxide[@B24] and malondialdehyde[@B8] levels in patients compared with controls. Moreover, Selek et al.[@B11] found that patients with A-ADHD had higher TOS levels than did the control group. Thus, our finding of higher TOS in the ADHD group compared with controls is consistent with previous reports.

Previous investigations of the effect of oxidative stress on cerebral structures found that free radicals exerted adverse effects on brain development by interfering with neuronal cell migration and by inducing mutations in genes critical for brain development.[@B25][@B26] Moreover, previous studies demonstrated an association between increased oxidative stress and DNA damage in bipolar disorder.[@B27][@B28] Increased oxidative stress may impair various genes that regulate neurotransmitters, thereby predisposing the brain to ADHD.

Destructive changes in neuronal cell membranes, which are the target of oxidants, may weaken the binding affinity of neurotransmitters such as serotonin, norepinephrine, the opiates, and dopamine and the neurotransmission regulatory mechanism.[@B29][@B30][@B31] Increased oxidative stress may interfere with the biological effectiveness of enzymes by causing destructive changes in relevant proteins.[@B25][@B26] Furthermore, an increase in oxidant levels and impaired oxidative balance may alter the structure and function of neurotransmitters, such as dopamine, contributing to the development of ADHD.[@B10][@B32]

Second, we found that TAS levels in the ADHD group were significantly lower than those of the control group. Several investigations of oxidative metabolism in ADHD have examined molecules with potent antioxidant effects such as glutathion peroxidase, catalase, and superoxide dismutase (SOD). Ceylan et al.[@B9] found decreased glutathion peroxidase enzyme activity in pediatric and adolescent ADHD patients compared with the control group; however, no difference was detected in catalase or SOD enzyme activity. Two studies showed that plasma levels of trace elements such as copper and zinc, which play a role in the antioxidant defense mechanism, were lower in children with ADHD compared with a control group.[@B33][@B34] Furthermore, Selek et al.[@B24] found that SOD activity in patients with A-ADHD was lower than that in the control group. Thus, our finding that TAS was significantly lower in patients than in controls is consistent with previous studies. However, Selek et al.[@B11] found that TAS values were higher in patients with A-ADHD than in the control group. The authors suggested that the high TAS levels were secondary to an increase in TOS values. The disparity between our results and those of Selek et al. may be explained by disease duration. When differences in patient age and disease duration are taken into account, it appears that an increase in TOS over time may be a significant factor. The low TAS levels observed in the ADHD group may have contributed to the development of the disorder by enhancing the mechanisms that trigger an increase in oxidant levels.

Our third major finding was that the OSI in the ADHD group was significantly higher than that in the controls. OSI is the ratio of TOS to TAS and is a general indicator of oxidative stress. Previous studies in A-ADHD patients with comorbid bipolar disorder found that OSI was significantly higher in the patient compared with the control group.[@B11][@B35]

A comparison of our patients with and without comorbid ODD revealed no intergroup differences in TOS and OSI values. However, TAS levels in the patients with comorbid ODD were lower than those in patients with no comorbidities. This finding indicates that the total oxidant increase in patients with ADHD is independent of comorbid ODD, despite its adverse impact on the antioxidant defense mechanism. Additionally, our study compared oxidative parameters among the ADHD subtypes. TOS levels were similar among all subtypes. TAS levels were similar in the ADHD-C and ADHD-H/I subtypes but were higher in the ADHD-IA subtype. Similarly, OSI values were not significantly different between the ADHD-C and ADHD-H/I subtypes. OSI values were lower in the ADHD-IA subtype compared with the other subtypes. In conclusion, the ADHD-C and ADHD-H/I subtypes did not show excessive oxidant levels, and the oxidant levels were similar across ADHD subtypes. Additionally, it is noteworthy that the TAS levels in ADHD-C and ADHD-H/I subtypes were lower than those in the ADHD-IA subtype. This finding is novel; we could not compare our results with those of previous studies, because in literature comparison of oxidative stress parameters among ADHD subtypes have not been analyzed yet. Although not definitively; several factors such as environmental, biological variables, or unknown factors may contribute to development of this condition. Nonetheless, impairment of the antioxidant defense mechanisms in the ADHD-H/I compared with the ADHD-IA subtype should be considered in prospective studies.

The generalizability of our findings is limited by the fact that a cross-sectional design, and was conducted in a tertiary healthcare institution with a relative small sample size. However, the strengths include use of the K-SADS-PL to exclude patients with comorbidities other than ODD, WISC-R assessments to exclude patients with intellectual disabilities, and the fact that participants were not drug users.

The results of the present study reveal an increase in oxidant and a decrease in antioxidant levels in pediatric and adolescent patients with ADHD. These findings indicate that oxidative balance is disrupted in patients with ADHD, causing increased oxidative stress. Although our focus was to identify mechanisms underlying the etiology of the ADHD, our findings may be useful for the development of novel ADHD therapies. Future studies with larger sample sizes are needed to confirm our results and identify the molecules that mediate impaired oxidative metabolism.

###### Demographic characteristic of patients with attention deficit hyperactivity disorder and control subjects
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Variables were expressed as mean±standard deviations, and numbers. ADHD: attention deficit hyperactivity disorder, SD: standard deviation, Hollingshead-Redlich 2/3/4: The Hollingshead and Redlich system defines occupational categories 0 (not working), 1, 2, 3, 4 (menial labor, unskilled labor; semiskilled labor, skilled labor), ODD: oppositional defiant disorder

###### Comparison of the oxidative stress parameters among groups
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Variables were expressed as mean±standard deviations. ^\*^statistically significant, p\<0.05. ADHD: attention deficit hyperactivity disorder, TAS: total antioxidant status, TOS: total oxidant status, OSI: oxidative stress index

###### Comparison of the oxidative stress parameters among ADHD subtypes
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Variables were expressed as mean±standard deviations. ^\*^p\<0.05 after Bonferroni correction. TAS: total antioxidant status, TOS: total oxidant status, OSI: oxidative stress index
